] n in hVECs may modulate nuclear functions that are calcium dependent.
The interaction between vascular endothelial cells (VECs) and vascular smooth muscle cells (VSMCs) plays an important role in the modulation of vascular tone. There is however no information on whether direct physical communication regulates the intracellular calcium levels of human VECs (hVECs) and/or hVSMCs . Thus, the objective of the study is to verify whether co-culture of hVECs and hVSMCs modulates cytosolic ( (Alberts et al., 1994) , adherence junctions (Alberts et al., 1994) , PECAM (PlateletEndothelial cell adhesion molecule) (Delisser et al., 1994) , integrins (Alberts et al., 1994 ; Hynes, 1987) and gap junctions (Bény and Pacicca, 1994 ; Hirschi et al., 1999; Goodenough, 1979 ; Alberts et al., 1994) . The latter, the most common type of junctions present in all cell types as well as between two different cell types (Alberts et al.,1994) , permits both electrical and small molecule-mediated chemical coupling between cells. This type of junctions is very well studied and early reports have shown its presence both in vivo and in vitro between vascular endothelial (VECs) and smooth muscle (VSMCs) cells (Spagnoli et al., 1982; Christ et al, 1996) . These junctions usually consist of connexin 40 (Cx40) and 43 (Cx43) in addition to Cx37 (Elfgang et al., 1995; Kurtz, 2015; Donahue et al., 2017; Meda, 2018) . Changes in gap junctions are known to alter intercellular coupling between VECs and VSMCs thus modulating intercellular chemical coupling in diseases (Donahue et al., 2017 and references within) such as hypertension neointimal hyperplasia, and endothelial denudation Grunwald et al., 1982; Huttner et al., 1985; Kurtz, 2015; Okamoto and Suzuki, 2017; Meda, 2018) . Several studies showed the presence of all types of junctions in VECs and VSMCs. However, very few studies investigate whether junctions between VECs or VSMCs or between VECs and VSMCs would affect intracellular ionic homeostasis in general and in particular intracellular calcium. In addition, nuclear calcium was also reported to be regulated by cytosolic factors such as endothelin-1 (ET-1) (Bkaily et al., 2011 (Bkaily et al., , 2012 ).
We herewith demonstrate that physical contact does not regulate intracellular calcium level in human VECs (hVECs) nor VSMCs (hhVSMCs) in pure cultures. However, physical contact between hVECs and hVSMCs induced an increase in intracellular calcium particularly at the nuclear level only in hVECs.
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Materials and Methods

Isolation and culture of human aortic endothelial and smooth muscle cells
All work was done in accordance with the requirements of the institutional review committee for the use of human material. As described previously (Bkaily et al. 1997 (Bkaily et al. , 2017 Avedanian et al. 2010) , human VECs and VSMCs were isolated from aortas of at least 3 different healthy donors (16-45 years old) supplied by Transplant Québec.
Briefly, freshly isolated VECs and VSMCs used in this study were obtained by scraping from collagenase-treated aortas. The cells were then cultured in M199 medium supplemented with 5% FBS and used between passages 2 and 6. Routine quality and purity checks of the hVECs and hVSMCs were done using specific probes as indicated elsewhere (Bkaily et al. 1997; Avedanian et al. 2010) . The aortic hVECs derivation was also confirmed by assessing the presence of Von Willebrand factor (Bkaily et al. 1997; Avedanian et al. 2010 ) and that of hVSMCs using α-smooth muscle cell actin and/or myosin light chain kinase antibodies. Furthermore, functional quality control of freshly cultured (used within 12 h of culture) and long-term cultured (passage 2-6) cells was routinely done to ensure that both cultures had similar densities and distribution of ET-1 and angiotensin (Ang) II receptors and responded similarly to ET-1, Ang II, and
] i (Bkaily et al. 1997; Avedanian et al. 2010 ).
Co-culture of VECs and VSMCs
Isolated hVECs and hVSMCs were co-cultured as previously reported (Bkaily et al., 1997 (Bkaily et al., , 2001 Then, 2 ml of culture medium is added into the petri dish and incubated at 37 ° C for a period of 18-24 hours. Subsequently, the culture medium of hVSMCs was replaced with culture medium containing a high concentration of hVECs and both cell types were incubated for a period of 24-48 hours before being used. This simple technique allows the study of contact development between hVECs and hVSMCs (cell-cell).
Loading with Fluo-3 AM
The hVECs and hVSMCs in pure culture as well as in co-culture, were loaded with the calcium probe, Fluo-3, as previously described (Baily et al., 1997; Bkaily and Jacques, 2010) . Briefly, the cells cultured on 25 mm coverslips were washed three times with Tyrode buffer (5 mM HEPES, 136 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2, 1.9 mM CaCl 2, 5.6 mM glucose, pH 7.4 adjusted with Tris base, 310 mOsm) supplemented with 0.1% BSA (bovine serum albumin) (Sigma, St Louis). The cells were then incubated with the calcium probe, Fluo-3 /AM (Molecular Probes, Eugene, OR) at a final concentration of 13 µM (Bkaily et al., 1997) at RT for 1 hour. After the incubation period, the cells were washed 3 times in the Tyrode buffer alone and were then left in the Tyrode buffer for 15 minutes in order to ensure complete hydrolysis of the acetoxymethyl ester groups before starting the experiments. Fluo-3 was found to be homogeneously distributed throughout the cells (Bkaily et al. 2001 (Bkaily et al. , 2003 and was calibrated to be expressed in absolute concentration of free Ca 2+ (Bkaily et al. 2001) .
Quantitative 3D confocal microscopy, volume rendering, and quantitative fluorescence intensity measurement
Cells were examined with a Multiprobe 2001 confocal krypton-argon laser scanning system (Molecular Dynamics, Sunnyvale, California, USA) as previously described (Bkaily et al. 1997 (Bkaily et al. , 2017 Ahmarani et al. 2013) . In brief, all confocal microscope settings (laser line intensity, photometric gain, PMT settings, and filter attenuation) were kept rigorously constant throughout all the experiments (Bkaily et al. 1997 (Bkaily et al. , 1999 (Bkaily et al. 2017 . At the end of each experiment, the nucleus was stained with 100 nmol/L of live cell nucleic acid stain SYTO-11 (Molecular Probes, Eugene, Oregon, USA), as described previously (Bkaily et al. 1997 (Bkaily et al. , 2017 . Real 3D projections of the nucleus (Bkaily et al. 1997 ) were used as templates to delineate the nuclear from the cytosolic compartment.
Scanned images were transferred onto a Silicon Graphics workstation equipped with Molecular Dynamics' ImageSpace analysis and Volume Workbench software modules.
For quantification of the 3D images, the ImageSpace program permits the generation of quantitative 3D images which in turn allows fluorescence intensity measurement and expression of the measurement per µm 3 . Images were represented as top-view maximum intensity real 3D projections (not deconvolution) (Bkaily et al. 2017 ).
Conditioned media
We wanted to verify if, during the period of a Ca 2+ measurement experiment, factors are released in the medium and affect the calcium level of one or both cell types. hVECs or hVSMCs were loaded with Fluo-3 and placed in a Tyrode buffer for 30-45 min (short term), the period normally estimated for a typical experiment for measuring basal intracellular Ca 2+ in a cell. This Tyrode solution is subsequently collected and used as a bath medium in the coverslip chamber for cells of the same cell type (control) or of the D r a f t other cell type. Then, the fluorescence intensity of the Fluo-3-Ca 2+ complex of the cells is measured by confocal microscopy.
We also wanted to verify if, during the period when both cell types are cultured together (24-48hr, long term), factors are released in the medium and affect the basal Ca 2+ level of one or both cell types. The medium of hVECs or hVSMCs at confluence is removed and a fresh medium is added. The latter medium is collected after 48 hours, filtered and added to the petri dishes with cells of the same type (control), or of the other cell type and left for 24 hours. Subsequently, the cells were loaded with Fluo-3 and the fluorescence intensity of the Fluo-3-Ca 2+ complex in the cells is measured by confocal microscopy. As for the pure cultures of ECs and VSMCs, the conditioned medium of co-cultures is collected as described above. Subsequently, the medium is added in petri dishes of hVECs or hVSMCs for 24 h and the fluorescence intensity of the Fluo-3-Ca 2+ complex of the cells is measured.
Statistics
The intensity levels of free cytosolic and nuclear calcium are represented either as average values of relative fluorescence intensity, or as an increase over the control level ] n of hVECs.
In the first series of experiments, we cultured hVECs at low density in order to obtain a high density of single cells without physical contact. In the second series of experiments,
we cultured hVECs at a high density in order to obtain a high density of cells that develop physical contacts. In the third series of experiments, we first cultured hVSMCs at low density and after 24 hrs, the cells were well attached and we added a new culture medium containing a high concentration of hVECs in order to obtain a maximum of physical contact between hVSMCs and hVECs. were recorded using quantitative 3D confocal microscopy. Figure 1 A-C shows examples and figure 1D summarizes the results. As can be seen in figure 1 A, the level of calcium is higher in the nucleus compared to the cytosol in hVECs as was reported previously (Bkaily et al., 2011) . As seen in figure 1 A and B, physical contact between hVECs did not affect cytosolic calcium distribution and levels. However, physical contacts between several hVECs with a single hVSMC induced an apparent increase of intracellular calcium, and more markedly at the nuclear level, of hVECs. Figure 1D shows that the increase of intracellular calcium in hVECs in contact with hVSMCs is mainly significant at the nuclear level when compared to the level of cytosolic and nuclear calcium in hVECs and hVECs-hVECs. Noteworthly, contact between hVECs induced a 4% decrease ] n of hVSMCs.
In another set of experiments, using the same approaches described above, we cultured hVSMCs at low density, high density as well as in co-culture with hVECs. 
Effect of conditioned medium of hVECs, hVSMCs and hVECs-hVSMCs co-culture on cytosolic and nuclear calcium of hVECs.
In order to verify whether the increase of nuclear calcium in endothelial cells in physical contact with hVSMCs is due to a factor released in the extracellular milieu, we collected the culture medium of each culture condition. We then exposed cultured hVECs loaded with the calcium probe fluo-3 to each collected medium: hVECs, hVSMCs and hVECshVSMCs media. 
D r a f t
As seen in this figure, none of the three different conditioned media affected the distribution and levels of cytosolic and nuclear calcium in hVECs.
Effect of conditioned medium of hVECs, hVSMCs and hVECs-hVSMCs co-culture on cytosolic and nuclear calcium of hVSMCs.
In this series of experiments, we collected the 3 different conditioned culture media and we then exposed hVSMCs loaded with fluo-3 to each conditioned medium. D r a f t
Discussion and conclusions
Our results showed that physical contacts between hVECs or hVSMCs do not affect distribution and levels of cytosolic and nuclear calcium in either type of vascular cells.
These results confirm that physical contact between hVECs or hVSMCs does not induce any changes in these respective cells. Thus, we suggest that, whatever is the type of physical contact between hVECs or hVSMCs, it would not affect intracellular calcium homeostasis. The lack of effect of physical contact between the same type of cells could be due to the absence of electrical and chemical gradients between cells that have similar cytoplasmic chemical factors and resting potential. Our results also demonstrate that cultured hVECs or hVSMCs share the same distribution and levels of cytosolic and nuclear calcium. This confirms the purity and homogeneity of each type of cell used in this study.
Our results, however, showed for the first time that contrary to physical contact between the same cell type, physical contact between hVSMCs and hVECs triggers a significant increase of nuclear calcium level of hVECs without affecting intracellular calcium homeostasis of hVSMCs. Since the content of the cytoplasm of hVSMCs and hVECs is different, we postulate that an intracellular factor present only in hVSMCs or its concentration is higher in hVSMCs may have crossed the junction between the two cell types reaching the cytosol of hVECs. The presence of an hVSMCs factor in the cytosol of hVECs would bind to nuclear membranes' receptors (Bkaily et al., 2000 (Bkaily et al., , 2011 and directly modulate nuclear calcium. Such a factor, as demonstrated by other previous work in isolated nuclei, could be ET-1, neuropeptide Y (NPY) or angiotensin II (Ang II) (Bkaily et al., 2000 (Bkaily et al., , 2011 . These factors however are usually synthesized at a higher rate D r a f t by hVECs compared to hVSMCs. Thus, in the latter case we expect that these hVECs factors would also cross the hVECs-hVSMCs junctions (probably gap junctions) towards hVSMCs and affect nuclear calcium as was reported previously by our laboratory (Bkaily et al., 2000 (Bkaily et al., , 2011 . Thus, we cannot exclude that the factor affecting hVECs nuclear calcium could be a hVSMCs-specific factor only present in this type of cells.
Alternatively, the cytosolic level of the latter factor is higher in hVSMCs than in hVECs thus permitting its crossing through the gap junctions due to its driving force. This factor should be identified and studied in the future.
We cannot exclude, on the other hand, the possibility that such a hVSMC factor can be none other than ET-1, Ang II or NPY. This can be supported, to some extent, by literature in the field, including our work (Bkaily et al., 2011) , that showed that intracellular injection of Ang II into VSMCs induced an increase of intracellular calcium (Zhuo et al., 2006; Haller et al., 1996) that was transmitted to the nucleus (Haller et al., 1996) . The increase of intracellular calcium by intracellular microinjection of Ang II was due to the activation of AT 1 receptors present intracellularly and this cellular response was only blocked by an intracellular AT 1 receptor antagonist (Zhuo et al., 2006; Haller et al., 1996) . In addition, in contrast to our finding, the increase of calcium level was mainly cytosolic and was attributed to intracellular calcium release from the endoplasmic reticulum (Zhuo et al., 2006) or influx of extracellular calcium (Haller et al., 1996) .
These differences between our findings and those reported using microinjection of Ang II (Zhuo et al., 2006; Haller et al., 1996) may be due to species differences (human vs.
animal). Thus, it is important to verify in the future whether microinjection of antagonists D r a f t of ET-1, Ang II or NPY receptors would prevent the modulation of nuclear calcium in hVECs induced by physical contact with hVSMCs.
Finally, our results show that the effect of physical contact between hVECs and hVSMCs is not due to a factor released by either cell type. This again supports our hypothesis that the increase of nuclear calcium in hVECs is due to a factor transmitted from hVSMCs to hVECs via newly formed gap junctions and/or a factor released from intracellular stores of hVSMCs or hVECs due to physical interaction. Such a factor can be due to electrical coupling between two types of cells that have different resting potentials such as hVSMCs (resting potential near -60 mV) (Bkaily et al., 1994) and hVECs (resting potential near -30 mV) (Voets et al., 1996) . This would induce changes in the resting potential of hVECs and thus affects voltage gated channels present at the nuclear membranes, inclusive of the R-type calcium channels (Bkaily et al., 2011 (Bkaily et al., , 2015 . Such an 186x180mm (300 x 300 DPI)
